Stereoscopic particle image velocimetry is used to study the three-dimensional flowfield over a retreating rotor blade in dynamic stall. The dynamic stall event is characterized from the inception of dynamic flow separation through dynamic reattachment on the rotating blade at one radial location.
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to occur at different locations in every cycle. Finally, the last phase of dynamic stall, the dynamic reattachment phase on the rotating blade is investigated. Dynamic reattachment was observed to be affected by advance ratio with an increase in advance ratio resulting in early dynamic reattachment. the DSV hinders performance in cases such as compressors and helicopter rotors. Although DS has been studied extensively, predicting the precise timing, extent and hence the phase of a DS event, and reattachment on a rotating blade, remains elusive. Most experimental investigations of DS have been limited to two-dimensional flows over oscillating airfoils in wind and water tunnels [1, 2] and on oscillating finite wings [3, 4] . Computational fluid dynamics investigations have progressed from inviscid formulations to full Navier-Stokes simulations. However, the occurrence of DS is influenced by three-dimensional effects such as viscous interactions associated with rotational augmentation, as well as inviscid ones including finite wing and local yaw effects. Reactive centrifugal effects are expected to drive a strong radial flow [5] and the coupled effects of centrifugal and Coriolis forces in the rotating environment add more complexity to the flow characteristics.
Several experimental investigations have analyzed pressure distribution data over a rotating lifting surface during DS. Ham [6] , McCroskey [7] , Bousman [8] have gathered pressure measurements on a rotating helicopter blade during DS conditions. Butterfield [9] , Shreck and Robinson [10] have gathered similar pressure measurement data on rotating wind turbine blades in yawed configurations. A few investigations have analyzed velocity measurements gathered using constant temperature anemometry and laser Doppler velocimetry which are single point velocity measurement techniques. An improvement over the single point measurement technique is to acquire instantaneous velocity field data which allow for a better interpretation of kinematics and dynamics of the flow features. Global velocity field measurements on 4 RAGHAV AND KOMERATH JOURNAL OF THE AMERICAN HELICOPTER SOCIETY oscillating airfoils/wings have been conducted by using techniques like Particle Image Velocimetry (PIV) in several investigations [11] [12] [13] .
Hitherto, there exists few studies which have investigated the flow field level details of DS on rotating configurations. Fujisawa [14] and Ferreira [15] have used PIV to investigate the flow field details of DS on rotating blades. In these experiments the rotating blades were set up to operate as a vertical axis wind turbines, where the effect of reactive centrifugal forces act perpendicular to the blade planform, unlike on rotating helicopter or horizontal axis wind turbine blades where they act along the span of the blade.
Rotating flat plates with fixed pitch at low Reynolds numbers have been studied recently in the light of insect wing aerodynamics [16, 17] . But none of these investigations applied to insect wings incorporate simultaneously rotating and pitching wings in forward flight. Recently, rotating helicopter rotor blades have been used to experimentally study the flow field details of DS [18] [19] [20] . References [18] [19] [20] report significant radial flow observed in the core of the DSV and Raghav discusses the radial destabilization of the vortex position at outboard radial locations.
Scope and objectives
This work is an extension of Raghav [20] where the variation of the DS event with radial location was investigated at one azimuth (ψ = 270 • ) and advance ratio of µ = 0.33 using planar PIV. In this work, experiments are conducted on a two-bladed teetering rotor in steady forward flight in a low speed wind tunnel. Stereoscopic Particle Image Velocimetry (SPIV) is used to gather three-dimensional velocity field data on the rotating blade in DS conditions. For the first time, flow field details from the inception of dynamic flow separation through the dynamic flow reattachment phase of the flow during a dynamic stall event on a rotating blade is investigated. In order to capture the DS life-cycle, measurements are acquired at several azimuthal locations where DS is expected to occur on a rotor in steady forward flight.
In addition, measurements were acquired at three radial locations and three advance ratios conditions to further characterize variations in the DS event. However, in order to discuss the dynamic stall life-cycle in detail, flow field details of only one radial location (r/R = 0.6) are used in this paper.
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Methodology Experimental setup and flow conditions
The experiments were conducted in the high advance ratio facility (see Fig. 1 ) setup in the test section of the John Harper 2.13m×2.74m low speed wind tunnel at the Georgia Institute of Technology [18] [19] [20] .
The high advance ratio facility was modified prior to the current experiments by incorporating a new set of high speed ball bearings to reduce the vibrations of the rotor at high operating speeds. The motor was positioned below the rotor and in order to simplify the operations a teetering rotor with manually adjustable collective and cyclic pitch was preferred. A rectangular (non-tapered) blade with zero twist and aspect ratio of 3.49 was used in the investigation. The blade used in this work has a static stall angle of 13
• , please see [21] for more details on the static aerodynamic characteristics of the blade used in this investigation. Further details of the high advance ratio rotor facility specifications are provided in Table 1 .
A photo-micro sensor was installed on the rotor to enable phase locked data measurement. The motor for the closed circuit wind tunnel was upgraded in 2013 and is now powered by a three-phase 600 hp induction motor controlled by a variable frequency drive. The upgraded drive is a closed loop controller with 0.1% error in motor speed setting, resulting in superior control over the steady state velocity. As a result the freestream longitudinal turbulence intensity at the entrance of the empty test section of the wind tunnel is under 0.06 %. The turbulence intensity was measured at a freestream velocity of 34 m/s using velocity fluctuation data gathered using a hot-film conditioned with a 3 Hz high pass filter and 2.5 kHz low pass filter before the data was digitized.
In order to study the DS event on the retreating rotor blade, a rotor angular velocity Ω = 20.94 rad/s was ) and Reynolds number based on chord length (Re = Uec ν ), where
+ U ∞ sinψ is the effective velocity, and ψ is the azimuthal angle defined in Fig. 1b . The angle of attack at each azimuthal location was defined as α(ψ) = θ(ψ) +tan
, where v i is the induced velocity at each flow condition. Induced velocity was measured as the axial component of the velocity field at each flow condition when the blade was upstream of the measurement location. In order to discuss the dynamic stall life-cycle in detail, in this paper, we focus on one radial location of r/R = 0.6 and two advance ratios µ = 0.36, 0.40. The azimuthal angles at which measurements were acquired in this work with their corresponding Reynolds number, reduced frequencies and angle of attack are summarized in Table 2 .
SPIV instrumentation
The coupled effects of reactive centrifugal forces and Coriolis forces in the rotating environment make DS a highly three-dimensional event. Hence, there is a need to understand the span-wise (radial) flow with approximately 10µm droplets generated by a Laskin-nozzle type indigenous aerosol generator.
McAlister [22] showed that fifty pitch cycles yielded converged statistics in the case of force measurements during dynamic stall. Hence, drawing a similar parallel a series of 75-100 phase-locked image pairs were acquired at each measurement location using PRO-X 2M cameras which have a 1600×1200 pixel resolution and a pixel size of 7.4×7.4µm 2 . Due to limited optical access, the angle of the two cameras for the stereo-PIV setup was limited to 20
• (the errors introduced due to this are computed in the accuracy estimates section). The particle size in the camera image ranged from 1.76 pixels to 2.81 pixels. The focal length of the lens system was 50 mm and the aperture on the camera was set at f/8. In order to improve the signal to noise ratio of the PIV data, the blade was coated with Rhodamine paint and a bandpass filter (532±10nm) was used on the camera to minimize laser reflections from the upper surface of the blade.
In addition, the unavoidable laser reflections were masked during the velocity vector computations.
DaVis 8.0 software provided by LaVision was used to process the PIV data, the velocities were calculated from the spatial cross-correlation of the images. An interrogation window overlap of 50% and a second interrogation pass with a reduced window size was used to increase the signal-to-noise ratio of the correlation peak. The first pass utilized an interrogation window of 64×64 pixels while a 32×32 pixel window was used on the second pass. This yielded a spatial resolution between velocity vectors of 1.8 mm-2.1 mm ∼ 0.01c-0.012c (note that due to laser reflections at the surface of the wing, the first discernible velocity vector was around 2.5 mm away from the surface of the wing). Post-processing of the vector images consisted of an applied vector range and a median filter. These greatly reduced the noise due to erroneous vectors appearing at the edges of the camera viewing window.
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Accuracy estimates
The uncertainty in flow conditions resulted in a Reynolds number uncertainty of ±468. The uncertainty in pitch angle settings measured using a digital protractor and the phase-locking of the rotor estimated by image processing were both determined to be ±0.05
• . The blade used in the experimental investigation was comprehensively characterized to test the validity of the airfoil profile. The root mean square error of the difference from NACA0013 was less than 0.1% of the chord length.
The accuracy of the velocity measurements was computed using procedures outlined in Raffel [23] .
Bias error for in-plane velocity (u, v) was determined by plotting the probability density histograms of the velocity field data, with a resolution of 0.01 m/s the histograms did not reveal any peak-locking error.
The seeding particle lag error for in-plane velocity was estimated to be insignificant by considering the relaxation time of the seed particles to sharp changes in velocity. A transient solution for the response time of the seed particles (10µm) to a step change in velocity was determined. A comparison of the fluid time scale in the unsteady flow over a rotor blade to the response time of the particle showed that the fluid time scale was around 5-10 times the response time, indicating that the particle lag error was insignificant.
Please refer to Raghav [24] for further details on the quantification of lag error due to oil droplet size.
The random error for in-plane velocity measurement was between 0.4% and 1.2% of the maximum inplane velocity (U p =12.1 m/s). Please refer to Raghav [20, 24] for further details on in-plane velocity measurement uncertainty.
The out-of-plane velocity (w) measurement uncertainty depends on the angle between the two cameras used in the SPIV. Lawson [25] suggests that the optimal angle is between 20
• -30
• , however, due to limited optical access the angle in this study was limited to 20
• . The resulting random error for the out-of-plane velocity measurement was between 0.58% and 3.08% of the maximum out-of-plane velocity (W p =9.1 m/s). It should be noted that the random errors presented here are percentages based on the maximum values of two separate velocity components. All the uncertainties in velocity measurements are summarized in Table 3 .
Results
In all the PIV vector fields presented in this work, the axes of the camera images are fixed in the Conversely, negative out-of-plane velocity indicates a radially inward flow towards the root of the blade.
The results section is organized as follows: first, the onset of dynamic flow separation on the rotating blade in forward flight is discussed. This is followed by a discussion of the DS event with respect to the DSV evolution, radial flow and cycle-to-cycle or (CTC) variations (including POD analysis). Finally, the dynamic flow reattachment phase of the DS event is discussed.
Dynamic separation
Predicting the precise timing of the dynamic stall event on a rotating blade is challenging. Typically, the stall initiation is a localized three-dimensional phenomenon, even if the blade itself has zero sweep and taper, and is not rotating. Hence, there has been considerable focus on identifying the physics of the separation delay and onset of dynamic stall. The mechanisms of dynamic stall onset and dynamic separation proposed in the literature are the following: a) classic trailing edge separation [1] , b) shock induced separation [26] , and c) bursting of a separation bubble [27] . In this section, we use phase-averaged velocity field data (average of phase-locked velocity field data) to derive insight into the separation mechanisms. The current experiments are conducted at low Mach numbers and hence we can say that the shock-induced separation mechanism does not play a role in these experiments. However, the other two 10 RAGHAV AND KOMERATH JOURNAL OF THE AMERICAN HELICOPTER SOCIETY mechanisms a) and c) could be manifesting themselves in the current experiments. Classical trailing edge separation would be easier to identify, since it is a progressive mechanism and has a slow onset time.
However, since the bursting of the separation bubble is a random event and presumably has a significant cycle-to-cycle (CTC) variation, the role of this mechanism in the dynamic separation event would be harder to ascertain. • . This is firm evidence that the dynamic stall mechanism in operation on the retreating rotor blade in these experiments is the classical trailing edge stall mechanism. A primary difference that can be observed is that with the increase in advance ratio the trailing edge separation has progressed towards the leading-edge. In other words at higher advance ratio (µ = 0.4) the trailing edge separation onset occurs at an earlier azimuth when compared to the lower advance ratio (µ = 0.36). The higher advance ratio results in a decrease in Reynolds number and an increase in reduced frequency. The coupled effects of such a change could be the reason for the earlier separation observed.
In this work, onset of DS was defined as the point where leading-edge separation is first observed. 
DSV evolution
To effectively characterize the DSV a vortex center identification algorithm proposed by Graftieaux [28] was used to determine the location of the vortex. It is specifically designed to identify a large scale vortex superposed on a small-scale turbulent velocity field. The scalar function Γ 1 also called normalized angular momentum (NAM) is defined as
where N is the number of points in the two-dimensional neighborhood S of any given point P in the measurement plane. M lies in S and z is the unit vector normal to the measurement plane. The parameter N plays the role a spatial filter, but affects the location of maximum Γ 1 weakly. This scalar function unlike gradient based vortex detection techniques does not require the evaluation of gradients and is hence less susceptible to experimental noise. 
Radial flow
The coupled effects of reactive centrifugal forces and Coriolis forces in the rotating environment make DS a highly three-dimensional event. For example Raghav [19] demonstrated that the radial flow is of first order significance in the separated flow region during retreating blade dynamic stall. Hence, there is a need to understand the span-wise (radial) flow during the DS event. In order to specifically bridge this gap in knowledge, SPIV was used to investigate the flow field on the rotating blade. At every azimuthal angle the radial flow comprises of two components:a) yaw induced span-wise flow U ψ and b) reactive centrifugal forces induced radial flow U r . The total out-of-plane velocity at a given azimuthal angle could be expressed as U y = U r + U ψ , where U ψ = U ∞ cosψ, U ∞ is the freestream velocity, and ψ is the corresponding azimuthal angle at which the measurements are made. Since our objective here is to study the rotation induced radial flow, the total out-of-plane velocity has to be corrected for the yaw-induced span-wise velocity to yield the rotation induced radial flow as U r = U y − U ∞ cosψ. It should be noted that, the rotation induced radial flow component far away from the blade surface should be expected to maintain a value close to zero. Moreover, ψ = 270
• is the only location where the span-wise (radial) flow is predominantly due to reactive centrifugal forces.
AHS Log No. • , which is also the azimuthal angle at which the most separation is observed and is the most unsteady (please refer to Fig. 3 and associated discussion). The separated flow region is clearly moving slower than the faster freestream and is hence greatly affected by reactive centrifugal forces.
Cycle-to-cycle (CTC) variations of DSV :
The analysis of the dominant behavior of a flow field with a large scale coherent structure superimposed on fine vortical structures is usually a challenge. An approach to define and identify coherent structures in a complex flow system is based on a proper orthogonal decomposition (POD) of the flow field. The technique denotes a procedure to represent a random spatio-temportal signal as a series of deterministic spatial functions with the temporal function as random coefficients. This modal bi-orthogonal decomposition is then used to approximate the original signal as accurately as possible based on an energy-weighted measure [30] . DaVis 8.1 a commercially available software was used to perform the POD analysis on the velocity fields. The software uses the snapshot technique described by Sirovich [31] to perform the analysis.
The POD technique was adopted to understand the dominant flow structure on a rotating blade during consecutive rotations of the blade using the first 3 eigenmodes (∼35% energy). The shear layer in the approximated flow is observed to exhibit "oscillations". However, this oscillatory nature of the shear layer disappears at low advance ratios and at inboard locations (not shown here for brevity). Hence, it can be concluded qualitatively that the dynamic stall vortex is observed to "jitter" at a combination of outboard radial location and higher advance ratio conditions tested in this work.
In order to quantify the CTC variations of the DSV, the variations due to other experimental artifacts Circulation around the vortical structure was chosen as the metric to evaluate the CTC of the DSV, which is typically proportional the amount of dynamic lift observed during the DS event. This circulation around a velocity field is defined as the amount of vorticity flux in it and was computed by evaluating Stokes theorem numerically:
where ω is vorticity and S is a closed surface chosen such that it surrounded the vortical structure observed from the NAM plots. The circulation magnitude is then non-dimensionalized as Γ * V = Γ V /cU e , where U e is the effective velocity at the blade section (r/R= 0.6).
As mentioned earlier, the circulation around the vortex is an indication of the amount of dynamic lift observed during dynamic stall. instantaneous velocity fields is lost by phase-averaging during the DS event. Given, the high reduced frequency conditions, the sectional lift-coefficient (calculated using the circulation values in this work) is not expected to match data reported in prior work using oscillating airfoils and wings. Due to lack of force and moment measurements on rotating wings in dynamic stall at similar Reynolds numbers and reduced frequency conditions, direct comparisons are not possible.
Dynamic reattachment
The last part of the DS event is the phase of reattachment when the blade undergoes the down stroke motion via a reduction in pitch angle. At a sufficiently low blade pitch angle, the angle of attack is conducive for the initiation of the reattachment phase. For the flow conditions investigated in this work, reattachment is characterized as the event when the flow at the leading-edge is observed to be not separated. Analogous to dynamic separation, reattachment was also observed to be greatly affected by the advance ratio conditions. As observed in the previous sections, the dynamic stall vortex shrunk in size after reaching it's peak at around ψ = 270
• . Furthermore, reattachment was observed to occur between
315
• ≤ ψ ≤ 320
• depending on the radial location and advance ratio conditions.
Although the process of dynamic reattachment has received little attention, it is of primary importance because the lift and pitching moment hysteresis loops are strongly dependent on this phase. A few studies which have addressed the issue of dynamic reattachment [32, 33] study the flow field details during the process of reattachment on an oscillating airfoil. These studies indicate a general trend in the process of dynamic reattachment that begins at the leading-edge and progresses to the trailing-edge. However, Ahmed [32] observed a localized separation bubble after the primary reattachment point. It should be noted that Ahmed's experiments were conducted at a Mach number of 0.3 where the effects of compressibility are not negligible.
In contrast to prior flow field observations, in this work dynamic reattachment was not observed to begin at the leading-edge and progress to the trailing edge. Analysis of the reattachment flow fields indicates a locally separated zone close to the leading-edge and an attached flow beyond that zone as illustrated in Fig. 8 . At ψ = 315
• a large pocket of localized separation at the leading-edge is observed, while at ψ = 320
• this pocket has reduced in size indicating a progression in reattachment. However, at the writing of this paper the exact mechanism of flow reattachment is unknown and requires further investigation. Fig. 8 also illustrates the effect of advance ratio on the process of dynamic reattachment. Clearly an increase in advance ratio reduces the extent of separation i.e. further progress in dynamic reattachment is observed. It should be noted that the extent of dynamic separation at the beginning of the DS event increased with advance ratio, while during reattachment phase an increase in advance ratio aids reattachment.
Discussion
In this section the main results of this work are summarized in three main sections corresponding to the phases of the DS event. The three phases are also discussed with respect to helicopter performance during a DS event. 
Dynamic separation
The azimuth for dynamic separation (defined in this work as evidence of leading-edge separation) was determined to occur between 225 • ≤ ψ ≤ 230
• . The phase-averaged PIV measurements revealed that the mechanism of separation in action was the classical trailing edge separation mechanism. Separation was first observed at the trailing edge, which then progressed up to the leading-edge before complete onset of leading-edge separation. Analysis of the dynamic separation event using phase-averaged velocity fields for two advance ratios helped characterize the general behavior of dynamic separation. At a given radial location, the separation was observed to occur at an earlier azimuth for the case of a higher advance ratio.
The higher advance ratio results in a decrease in Reynolds number and an increase in reduced frequency, the coupled effects of such a change could be the reason for the earlier separation observed. The main implication for helicopter performance is the dependence of the extent of azimuthal range of DS event on advance ratio, the larger the azimuthal range of the DS event the performance is likely to deteriorate.
Moreover, cycle-to-cycle variations were observed in the instantaneous velocity fields to an extent where certain instances had no indication of separation, while others showed clear evidence of separated flow. Hence, the phase-averaged velocity fields only provide a general indication of the behavior of the flow field and the observed separation mechanism. Instantaneous velocity field analysis is necessary to develop a systematic representation of this unsteady event. These cycle-to-cycle variations indicate that even in steady forward flight conditions the onset of DS event is highly unpredictable and hence there is a need to identify exact cause of these variations. A hypothesis to consider for future investigations is the effect of the radial pressure gradient on the cycle-to-cycle variations observed in the dynamic separation event. The main implication here is that to further understand the dynamic stall event, future investigations need to incorporate rotating blades.
Dynamic stall event
Normalized angular momentum was applied to phase-averaged velocity fields to detect the DSV and CTC variations of the dominant flow structure at ψ = 270
• were studied using proper orthogonal decomposition (POD). POD analysis suggested that a variation in advance ratio does not effect the energy content of the higher modes, however, the lower modes (higher energy levels) show a moderate change (5-10%). Essentially, a variation in advance ratio affects only the dominant flow structures rather than the finer scale flow structures which are associated with higher modes (lower energy levels). The velocity fields were reconstructed using first 3 eigenmodes (∼35% of total energy). The shear layer in the approximated flow is observed to exhibit "oscillations". However, this oscillatory nature of the shear layer ("jitter" of the vortex) disappears at low advance ratios and at inboard locations (not shown here).
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The physical mechanism for this behavior is unknown at the writing of this paper. Several hypotheses among others include: a) Vortex breakdown initiation at radially outboard locations due to reduction of the bulk radial flow and b) interaction between blade and tip vortices (from prior rotations) could cause the observed fluctuations in the shear layer.
CTC variations of the DSV were quantified by first computing the circulation around the vortex observed in the phase-averaged velocity fields. This was compared to circulation computed in each instantaneous velocity field and then averaged. The comparisons suggest that critical information in the instantaneous velocity fields is lost by phase-averaging during the DS event.
Dynamic reattachment
In this work dynamic reattachment was observed to occur between 315
on the radial location and advance ratio conditions. In contrast to prior flow field observations, in this work dynamic reattachment was not observed to begin at the leading-edge and progress to the trailing edge. Analysis of the reattachment flow fields indicate a locally separated zone close to the leading-edge and an attached flow beyond that zone. Further analysis of the time-scales for reattachment is necessary to compare dynamic reattachment in this study to regular oscillating airfoil/wing studies. Moreover, an increase in advance ratio reduces the extent of separation i.e. advances the observed dynamic reattachment phase. It should be noted that the extent of dynamic separation at the beginning of the DS event increased with advance ratio, while during reattachment phase an increase in advance ratio aids reattachment.
Conclusions
In this work the velocity field over a retreating blade in dynamic stall conditions was measured using SPIV to identify the azimuthal extent of the dynamic stall (DS) event on a rotating blade in steady forward flight condition. The main objective of this work was to study the variations in life-cycle of DS with advance ratio. First, the onset of DS via dynamic separation was studied. Second, the life-cycle of the DS event on the rotating blade was investigated. Furthermore, the cycle-to-cycle (CTC) variations in the dynamic stall event due to the unsteady nature of the flow field is studied and quantified. Finally, the 26 RAGHAV AND KOMERATH JOURNAL OF THE AMERICAN HELICOPTER SOCIETY last phase of the DS event dynamic reattachment was also investigated. A summary of the results and discussion are summarized below:
1) The classical trailing edge separation mechanism preceded complete separation from the leadingedge. Moreover, the earlier separation as advance ratio increased, is consistent with the associated lower Reynolds number and higher reduced frequency.
2) CTC differences in the instance of separation were present, even though the external flow field had negligible cycle to cycle differences. This point towards other possible dynamic separation mechanisms in action and that future experiments in understanding dynamic stall should incorporate rotating blades (to capture the effect of radial pressure gradient) instead of two-dimensional oscillating airfoils.
3) Following separation the vortex appears elongated and pinned to the surface of the blade, then lifting off the blade surface and reaching peak height at ψ = 270
• then descending towards the surface of the blade until reattachment. This observation is accompanied by cycle to cycle variations which were observed to increase until ψ = 270
• and then decrease. 6) The shear layer in the approximated reconstructed flow is observed to exhibit "oscillations". The oscillations (vortex "jitter") disappear at low advance ratios and at inboard locations.
7)
In these experiments, separation initiated at 225
• ≤ ψ ≤ 230
• and reattachment occurred between
315
• depending on the advance ratio conditions. Out-of-plane measurement error (%W p ) 0.58%-3.08%
